A primary mechanism for initiating smooth muscle contraction involves an increase in [Ca 2ϩ ] i , leading to myosin regulatory light chain (RLC) phosphorylation, crossbridge cycling, and force development (1, 2). Phosphorylation of Ser-19 on RLC of myosin II changes the orientation of myosin crossbridges, allowing actin activation of myosin ATPase activity. A similar mechanism occurs with nonmuscle myosin II with effects on many cellular actomyosin-dependent functions. The Ca 2ϩ -dependent phosphorylation of RLC is mediated by Ca 2ϩ ͞cal-modulin (CaM)-dependent myosin light chain kinase (MLCK), whereas myosin light chain phosphatase dephosphorylates RLC. In smooth muscles, agonists stimulate greater RLC phosphorylation and force than do depolarizing stimuli at comparable [Ca 2ϩ ] i because of Ca We developed a different CaM-sensor MLCK capable of monitoring MLCK activation to obtain temporal and quantitative information on Ca 2ϩ ͞CaM binding to MLCK where Ca 2ϩ -dependent CaM binding increased kinase activity coincident with a decrease in FRET (11). The CaM-sensor MLCK was expressed in smooth muscle tissues of transgenic mice to obtain quantitative insights on CaM activation of MLCK relative to [Ca 2ϩ ] i and RLC phosphorylation and force development. These results show that genetically encoded biosensors may be used to investigate physiological processes in tissues of transgenic mice.
A primary mechanism for initiating smooth muscle contraction involves an increase in [Ca 2ϩ ] i , leading to myosin regulatory light chain (RLC) phosphorylation, crossbridge cycling, and force development (1, 2) . Phosphorylation of Ser-19 on RLC of myosin II changes the orientation of myosin crossbridges, allowing actin activation of myosin ATPase activity. A similar mechanism occurs with nonmuscle myosin II with effects on many cellular actomyosin-dependent functions. The Ca 2ϩ -dependent phosphorylation of RLC is mediated by Ca 2ϩ ͞cal-modulin (CaM)-dependent myosin light chain kinase (MLCK), whereas myosin light chain phosphatase dephosphorylates RLC. In smooth muscles, agonists stimulate greater RLC phosphorylation and force than do depolarizing stimuli at comparable [Ca 2ϩ ] i because of Ca 2ϩ -sensitization mechanisms (2) . Although MLCK activity has been inferred from [Ca 2ϩ ] i measurements, the extent of activation in vivo is not known. Previous investigations have shown that free Ca 2ϩ ͞CaM may be limiting for kinase activation despite the relative abundance of total CaM (40 M) over MLCK (4 M) (3) . Indeed, recent evidence in nonmuscle cells suggests that there is a limiting pool of available Ca 2ϩ ͞CaM in competition for binding by different CaM targets (4) . In addition, CaM may be tethered to MLCK in a way that does not activate the kinase but would promote a rapid and complete activation with increased [Ca 2ϩ ] i (5) . The general tools for unraveling the qualitative and quantitative complexities in the RLC phosphorylation scheme have been limited to simultaneous measurements of [Ca 2ϩ ] i and force, as well as RLC phosphorylation in fixed tissue or cell samples. More recently, genetically encoded fluorescent indicators based on GFP and its spectral variants have provided approaches for studying cell biological processes in culture (6, 7) . Fluorescence resonance energy transfer (FRET)-based biosensors for Ca 2ϩ and CaM were among the first to exploit GFP for intracellular detection of specific ligands and proteins (8, 9) . Recently Chew et al. (10) reported a biosensor MLCK for determination of its localization and relative Ca 2ϩ ͞CaM-binding state in epithelial cells in culture by linking fluorescent indicator proteins to the C terminus of MLCK (10) . Images of individual cells showed that MLCK was activated in lamellipodia during migration but not in the retracting tail.
We developed a different CaM-sensor MLCK capable of monitoring MLCK activation to obtain temporal and quantitative information on Ca 2ϩ ͞CaM binding to MLCK where Ca 2ϩ -dependent CaM binding increased kinase activity coincident with a decrease in FRET (11) . The CaM-sensor MLCK was expressed in smooth muscle tissues of transgenic mice to obtain quantitative insights on CaM activation of MLCK relative to [Ca 2ϩ ] i and RLC phosphorylation and force development. These results show that genetically encoded biosensors may be used to investigate physiological processes in tissues of transgenic mice.
Methods
Construction of SM8 35 KCS Plasmid. The pSM8 35 KCS construct was prepared by subcloning the 1.6-kb cDNA of Ca 2ϩ ͞CaM-sensor containing the MLCK CaM-binding sequence flanked by enhanced cyan fluorescent protein (ECFP) and enhanced yellow fluorescent protein (EYFP) (12) into the pSM8-CAT vector, which contains the smooth muscle ␣-actin promoter (13, 14) . The 3.1-kb cDNA fragment of short rabbit smooth muscle MLCK was further subcloned into the site between the Ca 2ϩ ͞ CaM-sensor gene and the smooth muscle ␣-actin promoter in pSM8-CAT vector to produce pSM8 35 KCS construct. Correct This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: CaM, calmodulin; ECFP, enhanced cyan fluorescent protein; EYFP, enhanced yellow fluorescent protein; FRET, fluorescence resonance energy transfer; MLCK, myosin light chain kinase; Mops, 4-morpholinepropanesulfonic acid; PSS, physiological salt solution; RLC, regulatory light chain; RS, relaxing solution.
orientation of the smMLCK gene and fusion site between MLCK and the fragment of short rabbit smooth muscle MLCK was determined by restriction mapping and nucleotide sequencing.
Cell Culture and Biochemical Characterizations. A7r5 rat thoracic aorta smooth muscle cells (from ATCC, CRL-1444) were transfected with pSM8 35 KCS as described (15, 16) . Expression of MLCK biosensor in transfected A7r5 cells was visualized by fluorescence microscopy. Transfected cells were harvested 72 h after transfection by trypsinization, and MLCK was extracted from cell pellets (15, 16) .
MLCKs expressed in A7r5 cells were immunoprecipitated with either a mAb against smooth muscle MLCK (K36, Sigma) or anti-GFP Ab (MBL International, Woburn, MA). Briefly, 150 l of cell lysate was clarified by centrifugation at 13,000 ϫ g for 5 min at 4°C. The supernantant fraction was diluted with 450 l of 20 mM 4-morpholinepropanesulfonic acid (Mops), pH 7.0͞10 mM magnesium acetate, which was precleared with 30 l (1:1, wt͞vol) of protein A-Sepharose and incubated on ice for 1 h. Either K36 or anti-GFP Ab (5 l) were added and incubated at 4°C for 16 h. Protein A-Sepharose (30 l) was added to the mixture and incubated 2 h at 4°C after which the protein A-Sepharose beads were washed three times with 20 mM Mops, pH 7.0͞10 mM magnesium acetate͞100 mM NaCl͞0. 5 P-labeled 750-bp cDNA encoding EYFP as a probe. Positive founders were used to establish transgenic mouse lines. Eight different lines were established and characterized further. Three lines showed similar levels of expressed CaM-sensor MLCK that was 30-40% the amount of endogenous MLCK, whereas the other lines showed less or no expression (see below). Mice from the three lines appeared normal, and isolated smooth muscle tissues developed similar amounts of force with KCl or carbachol treatments (see below). To determine expression of CaM-sensor MLCK, mouse tissues were excised from transgenic mice and quick-frozen in liquid nitrogen. Tissues were analyzed by SDS͞PAGE (15, 16) .
Immunohistochemistry. Heart and bladder tissues were fixed in 2% paraformaldehyde in PBS at 4°C for 2 h, washed three times, and then immersed into 30% sucrose in PBS overnight. After washing the tissues were embedded in OCT compound, cut into 8-m sections, and stored at Ϫ8°C. Subsequently, thawed tissue sections were washed in PBS and incubated in 0.5 M ammonium chloride in PBS at room temperature for 30 min. The sections were blocked in 10% donkey serum in PBS at room temperature for 1 h and then incubated in a 1:100 dilution of rabbit anti-GFP polyclonal Ab in 10% donkey serum͞PBS for 1.5 h. After washing, the sections were incubated with donkey anti-rabbit IgG (HϩL) Rho-conjugated secondary Ab, washed, dried, and mounted by Fluoroguard Antifade reagent (Bio-Rad). Images were obtained with an LSM 510 confocal laser scanning microscope (Zeiss).
Simultaneous Measurement of Contraction and [Ca 2؉ ]i or CaM-Sensor
MLCK FRET. Mouse bladder tissue was obtained from 8-12-weekold CaM-sensor MLCK transgenic mice killed with pentobarbital. Simultaneous measurements of mechanical and optical parameters of muscle were made with a fluorescence myograph designed and constructed by K. Güth (Scientific Instruments, Heidelberg) (17) , and output was recorded with a TA4000 recorder (Gould, Cleveland). Smooth muscle tissue was dissected into strips (0.5 ϫ 0.5 ϫ 8.0 mm) and mounted and stretched (ϫ1.2 slack length) on a force transducer in a quartz cuvette (180 l) for simultaneous force and fluorescence measurements. Muscle strips were illuminated by light from a mercury arc lamp filtered at 436 nm (D436͞20). Emitted light was distributed to two photomultipliers fitted with D535͞25 and D480͞40 bandpass filters (Chroma Technology, Brattleboro, VT). The slit was adjusted so that the preparation filled the entire aperture. The ratio of emission intensities 480 to 535 nm and isometric force were recorded simultaneously.
Intact muscle strips were contracted with 65 mM KCl or 10 M carbachol, and ratios of fluorescence values were expressed as a percentage of the maximal Ca To characterize Ca 2ϩ sensitivity of the fluorescence ratio and force, as well as the spectral properties of bladder tissue from transgenic mice, strips were skinned by treatment with 0.5% Triton X-100 in RS with 0.5 M CaM. The dependence of both force and fluorescence in response to different [Ca 2ϩ ] was determined in the fluorescence myograph. The minimum ratio of fluorescence (R min ) was obtained by superfusion with RS and the maximum ratio (R max ) was obtained at pCa 3.7 with 0.5 M CaM. Maximum force (F max ) was obtained also at pCa 3.7. For measurements of emission spectra in transgenic tissues, bladder strips (2.0 ϫ 0.5 ϫ 8.0 mm) were attached to a coverslip at their ends by cyanoacrylate glue and skinned as described above, and the emission spectrum determined with an excitation wavelength of 430 nm in a 650-10S fluorescence spectrophotometer (Perkin-Elmer) (11) .
Intracellular calcium concentrations were estimated by measures of Indo-1 fluorescence ratio in intact bladder strips. Bladder tissue was dissected into small strips (0.5 ϫ 0.5 ϫ 8.0 mm), stretched (ϫ1.2 slack length), and incubated in the dark with physiological salt solution (PSS) containing 10 M Indo-1 AM, 0.01% pluronic F-127, and 0.02% cremophor for 4 h at room temperature. After incubation, tissues were mounted in the fluorescence myograph and washed with fresh PSS for 30 min at 36°C. Strips were illuminated at 365 nm (D365͞10X), and emission intensities were measured at 405 nm (D405͞30) and 485 nm (D485͞25). The ratio of fluorescence (R405͞485) was determined and used to calculate 
Results
We have constructed a biosensor MLCK capable of monitoring Ca 2ϩ ͞CaM binding and activation of the kinase in cells (11) . This CaM-sensor MLCK contains short smooth muscle MLCK fused to two GFPs, ECFP and EYFP, linked by the MLCK CaMbinding sequence yielding FRET from the donor ECFP (480 nm emission) to the acceptor EYFP (525 nm emission) as shown in Fig. 1A . Ca 2ϩ -dependent CaM binding increases kinase activity coincident with a disruption in FRET measured as an increased ratio of emission at 480-525 nm (11) . To examine the physiological properties of Ca 2ϩ ͞CaM regulation of MLCK in smooth muscle tissues, we used a smooth muscle ␣-actin promoter (18, 19) . (Fig.  1B) . The expressed MLCK was localized to cellular filaments similar to the localization of a GFP-tagged MLCK expressed in A7r5 cells and consistent with its established binding to F-actin filaments (15, 16) . Vertebrate smooth muscle MLCK exists in two isoforms, which are products of a single gene (20) . The high-molecular-weight isoform (long MLCK) has a larger molecular mass because of an extended N terminus. Western blot analysis of cell lysates with a mAb against smooth muscle MLCK showed expression of both the long (220 kDa) and short (150 kDa) MLCK in nontransfected A7r5 cells (Fig. 1C) . In A7r5 cells transfected with pSM8 35 KCS plasmid, both long MLCK and short MLCK were present, in addition to the 175-kDa CaMsensor MLCK. The K36 Ab immunoprecipitated the long and short MLCKs in nontransfected cell lysates and, additionally, the CaM-sensor MLCK in cells transfected with pSM8 35 KCS plasmid (Fig. 1C) . The anti-GFP Ab immunoprecipitated only CaM-sensor MLCK from A7r5 cell lysates transfected with pSM8 35 KCS plasmid. MLCK activity was found in immunoprecipitates obtained from A7r5 cells transfected with either pCMV5 MLCK-GFP (positive control) or pSM8 35 KCS (Fig.  1D) . Both MLCK activities immunoprecipitated with the anti-GFP Ab were at least 98% Ca 2ϩ ͞CaM-dependent. Furthermore, changes in the emission spectra in the presence and absence of Ca 2ϩ ͞CaM were similar to the CaM-sensor MLCK expressed in HEK 293 cells with the CMV promoter (ref. 11 and data not shown). Thus, the plasmid containing the smooth muscle ␣-actin promoter expresses CaM-sensor MLCK that shows predicted biochemical and cellular properties.
Production and Characterization of Transgenic Mice Expressing CaM-
Sensor MLCK. Transgenic SM8 35 KCS mice were screened for the presence of the inserted transgene by Southern blot analysis using a 750-bp EYFP cDNA probe. A total of eight positive founder mice (A-H) were identified. Expression of CaM-sensor MLCK was determined by Western blotting of bladder extracts prepared from mouse lines established from the founders. Based on densitometric measurements of Western blots of bladder smooth muscle tissues, CaM-sensor MLCK expression was always less than the endogenous short MLCK and ranged from 5-10% in lines E and H, 20% in line D, 25-30% in line B, and 30-40% in line F (data not shown). The F-line transgenic mice were used for subsequent studies. There was no obvious phenotype in any of the transgenic mouse lines. Furthermore, bladder tissues from the F line showed concentration-dependent and maximal contractile responses to KCl and carbachol similar to tissues from wild-type animals (data not shown).
Various tissues were analyzed for expression of CaM-sensor MLCK by Western blotting. Fig. 2A shows the expression of CaM-sensor MLCK in tissues abundant with smooth muscle cells with the highest expression in the bladder. No CaM-sensor MLCK was detected in extensor digitorum longus skeletal muscle, soleus skeletal muscle, kidney, liver, heart, or brain. Expression of the CaM-sensor MLCK transgene in smooth muscle tissues did not appear to change the expression of endogenous short MLCK when compared with control nontransgenic mouse smooth muscle tissues (Fig. 2 A) .
Although the CaM-sensor MLCK was not detected by Western blotting in heart, a careful examination of cardiac tissue by fluorescence microscopy of the sensor itself or with Abs to GFP showed its expression in blood vessels but not cardiac myocytes (Fig. 2B) . Furthermore, CaM-sensor MLCK fluorescence was obvious in whole bladder (Fig. 2C) as well as bladder smooth muscle cells but not epithelial cells (Fig. 2D) .
CaM-Sensor MLCK FRET in Permeable Smooth Muscle Tissues.
Bladder smooth muscle strips from CaM-sensor MLCK transgenic mice were treated with Triton X-100 in RS containing EGTA to maintain low [Ca 2ϩ ] (pCa Ͼ8.0). Measurements of the emission spectra of skinned bladder smooth muscle strips showed a high emission peak at 525 nm at pCa 8.0, which decreased with increasing [Ca 2ϩ ] (Fig. 3A) . A distinct peak at 480 was not obvious, probably because of tissue contributing factors; however, emission intensity did exhibit an increase with elevated [Ca 2ϩ ]. The overall tissue fluorescence intensity from the transgenic animals was substantially greater than that obtained from wild-type tissues.
Skinned strips exhibited a Ca 2ϩ -dependent increase in the ratio of fluorescence emission at 480-525 nm increased with increased [Ca 2ϩ ] and then returned to a low value at pCa 8.0 (Fig.  3B ). There was a similar Ca 2ϩ -dependent increase in force that returned to a low level with relaxing conditions (Fig. 3C) . The reason for the minor transient increase in force when the solution was changed from 3.7 to 8.0 is not known. It is not due to a delay in inactivation of the kinase because the FRET response declines immediately. Maximal contractile and FRET responses were obtained at pCa 3.7 and did not increase with greater concentrations of CaM (data not shown). Simultaneous measurements in skinned bladder smooth muscle showed that at pCa 6.0 FRET ratio increased 28%, whereas force increased 8% of the respective maximal responses measured at pCa 3.7. The greater extent of MLCK activation at pCa 6.0 relative to force is probably necessary for kinase activity to exceed myosin light chain phosphatase activity, thereby allowing significant RLC phosphorylation and force development. ] i increased from 148 nM to 461 nM and 306 nM at 1 min for KCl and carbachol treatments respectively (Fig. 5) . Measurements of CaM-sensor MLCK FRET showed temporal responses similar to changes in [Ca 2ϩ ] i with a greater response in the presence of KCl than carbachol.
Under nonstimulating conditions, the phasic bladder smooth muscle was partially contracted with RLC phosphorylation at 0.32 mol phosphate per mol RLC and 18% MLCK activation (Fig. 5) . With the KCl treatment for 1 min, the extent of MLCK activation increased to 62%, whereas RLC phosphorylation increased to 0.48 mol phosphate per mol RLC. The responses to carbachol for RLC phosphorylation and force were similar, however the extent of MLCK activation increased to only 32%.
To induce a maximal contractile response, tissues were treated simultaneously with 65 mM KCl͞10 M carbachol͞10 mM CaCl 2 (Fig. 5) . With this treatment [Ca 2ϩ ] i increased to a concentration (786 nM) significantly greater than KCl alone (461 nM). However, the extent of MLCK activation was similar with both treatments, suggesting that the limited MLCK activation may be due to an insufficient amount of CaM, not [Ca 2ϩ ] i (Fig. 5) . The RLC phosphorylation and force responses increased signifi- cantly compared with KCl alone and are likely to be due to activation of a Ca 2ϩ -sensitization mechanism mediated by Rho kinase and inhibition of myosin light chain phosphatase activity (2) . Consistent with this scheme, Y27632, a Rho kinase inhibitor, had no effect on the extent of MLCK activation but significantly inhibited force development in smooth muscle tissues treated with carbachol (Table 1) .
Discussion
Results from previous investigations have led to the proposal that there may be insufficient free Ca 2ϩ ͞CaM to maximally activate target enzymes (3, 21) . If this proposal is true, it has a significant impact on our understanding of the RLC signaling network and the relative contributions of factors that affect both RLC phosphorylation and dephosphorylation, particularly in smooth muscle tissues. We, therefore, developed a biosensor with short MLCK that was capable of monitoring Ca 2ϩ ͞CaM activation of the kinase in vivo. This Ca 2ϩ ͞CaM-dependent MLCK binds to stress fibers, thus exhibiting actin-binding properties similar to native smooth muscle MLCK (15, 16) . Previous data showed the Ca 2ϩ -dependence of FRET changes and activation of this CaM-sensor MLCK were coincident and the catalytic properties (K m , V max ) were not different from wild-type kinase (11) .
CaM-sensor MLCK was expressed in fully differentiated smooth muscle cells in tissues of transgenic mice. Expression was limited to smooth muscle-containing tissues, including smooth muscle cells in blood vessels of the heart and bladder with no significant CaM-sensor MLCK in cardiac or skeletal myocytes, liver, kidney, or brain. By restricting expression of the CaMsensor MLCK, we specifically monitored its activity in smooth muscle cells in intact tissues. Smooth muscle tissues express an abundance of the short MLCK relative to other cell types, and our selective transgene expression resulted in CaM-sensor MLCK that did not exceed 40% of the endogenous short MLCK. This relatively low level of selective expression may account for the lack of differences in contraction properties of isolated smooth muscles from wild-type and transgenic animals or any obvious phenotypic properties in live animals.
The signaling cascade involved in the regulation of smooth muscle contraction by means of RLC phosphorylation has evolved into more complicated schemes. For example, biochemical studies have suggested a scheme in which CaM with two Ca 2ϩ bound to its C-terminal domain would be tethered to MLCK under resting conditions in cells in a way that does not activate the kinase but would lead to a rapid and complete activation upon two Ca 2ϩ binding in the CaM N-terminal domain with increased [Ca 2ϩ ] i (5) . Recent structural studies showed that (Ca 2ϩ ) 2 ͞CaM has a similar collapsed structure to (Ca 2ϩ ) 4 ͞CaM when bound to MLCK, although they are at different positions relative to the catalytic cleft of the kinase (22) . Thus, both (Ca 2ϩ ) 2 ͞CaM and (Ca 2ϩ ) 4 ͞CaM would be predicted to decrease FRET similarly. Our measurements showed no apparent dissociation between changes in FRET and kinase activity with increasing Ca 2ϩ ͞CaM concentrations in cell lysates or in permeable cells (11) . In isolated bladder tissues from transgenic mice, there was a small extent of kinase activation associated with significant RLC phosphorylation and force in the nonstimulated muscles, probably because of constant tonus of the phasic bladder smooth muscles. However, the extent of MLCK activation under these conditions was small, indicating that most of the kinase did not have bound Ca 2ϩ ͞CaM. The results also show that MLCK is not activated maximally at high [Ca 2ϩ ] i. These physiological results with smooth muscle tissues are consistent with recent observations on cells in culture, in which a limited amount of CaM is available to activate MLCK (4, 11, 21) . This limitation may arise from competition with other target proteins that bind CaM with high affinity in Ca ] i in cells and tissues (6) . They revealed a general discrepancy in the Ca 2ϩ -dependence of RLC phosphorylation and force (23, 24) . Agonists typically produce small increases in [Ca 2ϩ ] i in smooth muscle tissues relative to depolarization with high concentrations of KCl, yet the extent of RLC phosphorylation and force are similar. The mechanisms responsible for this apparent increase in sensitivity to [Ca 2ϩ ] i with agonists were examined subsequently by many investigators where it was found to involve primarily inhibition of myosin light chain phosphatase activity by means of coupling among ligand receptors, G proteins, and guanine nucleotide-binding factors (2) . A major pathway involves RhoA activation of Rho kinase, which phosphorylates a myosin phosphatase-targeting subunit of protein phosphatase type 1 (MYPT1) leading to inhibition of myosin light chain phosphatase activity (25, 26) . Consistent with these observations, we found that a Rho kinase inhibitor decreased force developed with carbachol while not significantly affecting MLCK activation. How these mechanisms interact with the MLCK activation mechanism is not clear, but one important consideration is how much MLCK is activated because the extent of RLC phosphorylation depends on the ratio of kinase to phosphatase activities. An unexpected observation from our studies was the small extent of CaM-sensor MLCK activation with an agonist yielding a net maximal increase of only 14%. Thus, a rapid and coordinated inhibition of myosin light chain phosphatase activity with carbachol treatment may enhance the effect of the small extent of Ca 2ϩ ͞CaM-dependent MLCK activation.
Genetically encoded indicators that measure protein-protein interactions offer opportunities for investigations on physiological processes when combined with molecular genetics for transgene expression. Expression of our CaM-sensor MLCK in smooth muscle cells in tissues of mice provides an example of this approach.
